Tertiary contact formation rates in α-synuclein, an intrinsically disordered polypeptide implicated in Parkinson's disease, have been determined from measurements of diffusion-limited electron transfer kinetics between triplet excited tryptophan:3-nitrotyrosine pairs separated by 10, 12, 55, and 90 residues. Calculations based on a Markovian lattice model developed to describe intrachain diffusion dynamics for a disordered polypeptide give contact quenching rates for various loop sizes ranging from 6 to 48 that are in reasonable agreement with experimentally determined values for small loops (10−20 residues). Contrary to expectations, measured contact rates in α-synuclein do not continue to decrease as the loop size increases (≥35 residues), and substantial deviations from calculated rates are found for the pairs W4-Y94, Y39-W94, and W4-Y136. The contact rates for these large loops indicate much shorter average donor-acceptor separations than expected for a random polymer.
INTRODUCTION
Proteins can adopt a continuum of structures ranging from tightly folded to highly extended with conformational dynamics spanning timescales from picoseconds to seconds. 1 The dynamics of intrachain-contact formation in disordered polypeptides can provide insights into the stiffness of the polymer and the range of structures present in the protein ensemble. 2,3 Moreover, the formation of tertiary contacts is a necessary step in the formation of folded structures. 4-6 Much previous experimental 4-13 and theoretical 14-17 work has focused on determining tertiary contact rates in order to set a folding speed limit.
α-Synuclein (α-syn), a protein implicated in Parkinson's disease, 18,19 does not fold in aqueous solution, and spectroscopic studies suggest that the polypeptide is extended and conformationally flexible. [20] [21] [22] The rates of tertiary contact formation in α-syn 2,23 are of particular interest, because large amplitude motions of the polypeptide chain could play a critical role in the aggregation process that is believed to lead to Parkinson's disease. 24, 25 Using photoinduced electron transfer (ET) from triplet-excited tryptophan ( 3 W*) to 3-nitrotyrosine (Y(NO 2 )), we determined the timescales for contact formation in donor(D)-acceptor(A)-containing α-synucleins (loop sizes, n, separating D and A of 15, 20, 35, 42 , and 132 residues) that revealed differences in chain stiffness and nonrandom structural preferences in distinct regions of the protein. 2, 26 We also simultaneously analyzed the fluorescence energy transfer and ET kinetics 2 to define equilibrium distributions of donor-acceptor distances (P (r)) as well as diffusion coefficients.
To map α-syn conformational dynamics in other distinct polypeptide regions, we have extended our work to include four DA pairs with smaller (10 and 12) and intermediate (55 and 90) loop lengths. Of special interest are the intermediate loops: one (Y39-W94) falls in the NAC (nonamyloid β component, Glu61-Val95) region, which is a possible nucleation site for protein aggregation ( Figure 1) ; 27-30 and the other loop contains D and A residues (W4-Y94) that have been shown by analysis of NMR spectroscopic data to be in close proximity in the micellebound structure. 31 In order to evaluate the experimental contact formation rates, we have formulated a lattice model for loop formation in random polymers that explicitly accounts for geometrical exclusion effects. To implement such a model, the dimensionality (d) and coordination (ν) of the (reaction) space accessible to the diffusing donor must be specified. The intrachain-diffusion-reaction event can then be studied by implementing the theory of finite Markov processes, 32,33 and the dynamics quantified by solving numerically the associated stochastic master equation. In the language of Markov chain theory, the donor is regarded as undergoing a "random walk" in the vicinity of a "deep trap" (i.e., the acceptor) and the time elapsed before the "walker" is trapped (i.e., reacts) can be calculated.
MATERIALS AND METHODS

Protein Preparation, Modification, and Characterization
The wild-type human α-syn expression plasmid (pRK172) was provided by M. Goedert (Medical Council Research Laboratory of Molecular Biology, Cambridge, U.K.). 34 Single Trp residues were introduced at two different aromatic-residue positions (F4, F94) and single Tyr residues were introduced at positions 14, 16, and 94 by site-directed mutagenesis. Four different W-Y pair-containing synucleins were prepared: W4-Y14, W4-Y16, Y39-W94, and W4-Y94 with loop sizes of 10, 12, 55, and 90. The proteins also had all four native Tyr residues mutated to Phe residues (Y39F/Y125F/Y133F/Y136F) except for the Y39-W94 protein. All sitedirected mutagenesis reactions were performed using a QuickChange kit (Stratagene). All mutations were confirmed by DNA sequencing (Caltech DNA Sequencing Core Facility).
Recombinant α-syn proteins were expressed and purified according to published procedures. 26 Briefly, after cell lysis crude protein extract was chromatographed on a Q-Sepharose Fast Flow column (GE Healthcare) equilibrated with 20 mM Tris buffer (pH 8.0) and eluted with a linear NaCl gradient (0−500 mM). Fractions containing α-syn were pooled (YM3 membranes, Millipore) and further purified on a Mono-Q column (GE Healthcare). To prepare the nitrated proteins, tetranitromethane in ethanol [1% (vol/vol), 75 μL] was added dropwise to a stirred deoxygenated protein solution (70−100 μM in 20 mM Tris buffer with 200−300 mM NaCl at pH 8.0, 850 μL) in the dark. After 10 min, a second aliquot of tetranitromethane was added. The reaction was terminated by gel filtration chromatography with a HiPrep Desalting column (GE Healthcare) and finally the labeled protein was purified on a Mono Q column.
Time-Resolved Absorption Measurements
3 W* decay kinetics were measured as previously described with some modifications. 2 All protein samples (7−25 μM in 20 mM NaPi, pH 7.4) were deoxygenated by repeated evacuation/ Ar fill cycles on a Schlenk line. N 2 O was used as a solvated-electron scavenger. The second harmonic (290 nm) of a nanosecond Nd:YAG pumped optical parametric oscillator laser (Spectra-Physics) and an Ar-ion laser (457.9 nm) were used as the excitation source and probe light, respectively. The probe laser was passed through the sample multiple times increasing the path length from 1-to 11-cm, thereby improving the sensitivity of our measurement by nearly an order of magnitude. In addition, the pump beam was double passed transversely through the probe volume (Supporting Information). Transient absorption kinetics were detected by a photodiode and recorded using an 8-bit, 500-MHz digital oscilloscope (LeCroy 9354A). All protein samples were filtered through Microcon YM-100 (MWCO 100kD) (Millipore) spin filter units to remove oligomeric material prior to measurements.
Data Analysis
Measured kinetics traces were converted to absorbance changes [−log 10 
The balance between χ 2 minimization and entropy maximization was determined by graphical Lcurve analysis. 37 This approach yields upper limits for the widths of P(k) consistent with our experimental data. The P(k) distributions from maximum-entropy (ME) fitting were broader than those obtained with NNLS fitting, but exhibited comparable maxima. Average contact rate constants were estimated using the following relation:
Uncertainties in these quantities were estimated using a Monte Carlo sampling method. 38 The results from NNLS and ME fitting are given in the Supporting Information.
Lattice Model
Consider a polypeptide chain with a donor (D) and acceptor (A) separated by 12 residues (Figure 2 ). To visualize tertiary contact formation, suppose first that the motion of the chain is restricted to two dimensions (d=2); then, in the dynamic motion of the polypeptide chain, a D-A pair (each residue of length L) can be brought into contact if the chain forms a planar loop (of area A=3 L 2 cot 15). In d=3, the loop need not be planar; to account for this, in what follows we shall consider the volume (in fact, the maximum volume) enclosed by a loop of length n.
To account for excluded volume effects, we proceed by formulating a lattice (rather than continuum) model, and identify the (maximum) lattice volume encompassed by a given setting of n. Considering first a simple cubic lattice (dimension, d=3; coordination, ν=6), if the position of the acceptor is anchored at a vertex site of the lattice, then the maximum volume encompassed by a n=12 loop includes all sites on or within a 3×3×3 simple cubic lattice of 27 sites. We specify that all down-range segments of the polypeptide chain are excluded from this volume. Further, since we are primarily interested in tracking donor displacements in the near neighborhood of the acceptor, donor excursions to sites external to the defining volume will be neglected.
As the polypeptide chain undergoes positional fluctuations, the donor will visit (eventually) all lattice sites in the defining volume. Although these donor displacements are totally random, we can calculate (via Markov theory) the average number of displacements before an irreversible electron transfer reaction occurs between donor and acceptor (i.e., before the "walker" is "trapped"). Assuming that each displacement of the donor takes place in one time step, then the mean number of displacements (or mean walklength <x>) gauges the mean reaction time.
A more detailed description of the dynamics of the system can be obtained by solving the associated stochastic master equation, 32,33 determining the full eigenvalue spectrum and associating the smallest eigenvalue(s) with the rate constant(s) characterizing the diffusioncontrolled reactive event. Again, from Markov theory, as the system size increases, the reciprocal of the mean walklength <x> approaches asymptotically the magnitude of the smallest eigenvalue of the associated master equation, a fact that can be used to gauge the internal consistency of the numerical calculations. The mean walklengths and eigenvalues reported in this study are the numerically exact values, i.e., once the model is defined, no further approximations are made in calculating these values. 33
The above discussion was predicated on the assumption that the site-to-site coordination available to the segments of a polypeptide chain could be represented by a d = 3 simple cubic lattice. To account for excluded-volume effects within the context of a geometry more representative of the actual coordination of a polypeptide chain, we consider a family of d = 3 tetrahedral lattices of coordination ν = 4, and repeat the calculations above for simple cubic lattices. Here again, the acceptor is pinned at one of the vertex sites, and the dynamics studied as a function of loop size.
To summarize, as a consequence of the spatial and temporal fluctuations of a polypeptide chain in its ambient environment, a donor separated by n residues from an acceptor will undergo random displacements subject to the excluded volume and geometric constraints noted above. The underlying stochastic process can be characterized by calculating the evolution of two signatures of the system. The first is the mean number <x> of displacements of the donor before the loop closes and an irreversible electron transfer reaction takes place. Secondly, the full eigenvalue spectrum can be calculated, recognizing that the smallest eigenvalue can (usually) be placed in correspondence with the experimentally determined rate constant. If there are two (or more) "small" eigenvalues that are similar in magnitude, then the decay will not be strictly exponential, but the evolution of the system in the long-time limit will still be dominated by the smallest eigenvalue. The smallest eigenvalue and average walklength <x> are listed for a series of n values for simple cubic lattices in Table 1 and for tetrahedral lattices in Table 2 .
RESULTS AND DISCUSSION
We have measured 3 W*/Y(NO 2 ) ET rates in ten different α-syn mutants. Fits of the kinetics data employing constrained least squares (NNLS) and maximum entropy (ME) methods (Table  3 and supporting information) are consistent with k contact values from our earlier work (biexponential fits). 2 Intrachain contact times in a polymer should depend on the average distance between the contact points and the stiffness of the intervening chain. If α-syn were a random polymer, then 3 W*/Y(NO 2 ) ET rates would decrease monotonically with increasing loop size. We find that the contact rates for loop sizes between 10 and 132 residues fall in a range between 10 5 and 10 7 s −1 (Table 3 , Figure 3 ). The observed rates, however, do not exhibit a monotonic correlation with loop size. For n ≤ 20, contact rates decrease with increasing loop size, but level off in the range of 1−5 × 10 5 s −1 for larger loops. Although the uncertainties in average rate constants are large in some cases, our data clearly demonstrate that contact rates do not simply continue to decrease with increasing loop size. 16 The leveling of contact rates for n > 20 suggests that the average distance between 3 W* and Y(NO 2 ) is not increasing for these larger loops.
NMR studies have provided insights into the ensembles of α-syn structures present in aqueous solution. Contact maps derived from paramagnetic relaxation enhancement measurements suggest that the D-A pairs used in our studies of large loops (n > 20) are in regions of the protein in which contact probabilities are substantially greater than expected for a random polymer. 21 Residual dipolar coupling measurements in weakly aligned α-syn have been interpreted in terms of five distinct protein domains. 39 Our D-A pairs are distributed throughout these domains and the contact dynamics indicate that they are highly fluxional structures.
It has been proposed from NMR experiments in the presence of SDS micelles that α-syn rearranges into two anti-parallel helices (N-terminal from residues 3−37, and C-terminal from residues 45−92, hence, bringing together the N-and C-termini). 31 The calculated distance from Phe4 to Phe94 in the wild-type protein is ∼24 Å based on this model (using PDB accession number 1XQ8). If α-syn retains residual structure reminiscent of this detergent-associated conformation in solution, then the contact quenching rates would deviate from those expected for a random polymer. It also is plausible that the diffusion coefficients vary among labeling sites because of differences in chain stiffness throughout the polypeptide.
We have developed a three-dimensional Markovian lattice model to compare the experimental α-syn contact rates with those expected for a random polymer. If we scale the theoretically computed rate constants in Tables 1 and 2 by a factor of 10 8 , the results can be placed in correspondence with our experimental results. 2 Both data sets are plotted in Figure 3 ; interestingly, the results are in qualitative agreement with the experimental data for n ≤ 20, but the substantial deviations from theoretical predictions for larger loops indicate that there are nonrandom structures in these regions. The rates for W4-Y39, W94-Y39, W4-Y94, and Y39-W94 are higher than expected; indeed the average contact rates increase slightly for n = 55, 90, 132. This observation supports our interpretation of the contact rates that the equilibrium distributions of W4-Y94 and W4-Y136 distances include many more compact structures than expected for a random polymer.
The immediate conclusion that can be drawn from comparisons between results obtained for simple cubic lattices versus those for tetrahedral lattices is that the flexibility (or "stiffness") of the polypeptide chain seems not to have a significant impact on the system dynamics for intermediate and large loop sizes. As may be seen from the data, already in the vicinity of n ∼ 24, the results calculated using the two lattice representations appear to be converging. In fact, in this regime, agreement with the experimental values of the contact quenching rate constant is quite good.
On the other hand, chain flexibility/stiffness, if it is a factor, is likely to become of increasing importance with decreasing loop size. Indeed, in an earlier review, Kiefhaber and coworkers 8 note that for entropy-controlled intrachain diffusion in freely jointed Gaussian chains, the rate of contact formation should exhibit a power-law dependence on n:
They go on to observe that Flory advanced the argument that excluded volume effects should significantly influence the chain dimension. 40 When they account for excluded volume effects in the end-to-end diffusion model developed by Szabo et al. ,17 they again find a power-law dependence, albeit with a somewhat more negative exponent: 8
If, now, the data in Tables 1 and 2 are fitted (via least squares) to a functional form, k = αn −a (Figure 3) , we determine that:
Thus, the behavior of the contact-quenching rate constants calculated using a tetrahedral lattice model to account for excluded-volume effects is in line with a result that is consistent with the continuum model developed by Szabo et al. 17 The fact that the simple cubic lattice exhibits a steeper n-dependence of the contact rate constant than the tetrahedral lattice is somewhat unexpected in light of the continuum model results. 8, 17 We can rationalize this observation using an expression for the tertiary contact formation rate constant (k T ) developed by Thirumalai: 16 In this expression, P(n) is the loop-formation probability, D 0 is the effective diffusion coefficient for a single link in the polymer, and 〈r 2 〉 is the mean-squared distance between the two residues making the contact. In a seminal paper on excluded-volume effects for two-and three-dimensional lattice models, Domb determined for both simple cubic and tetrahedral lattices that 〈r 2 〉 ∼ n 6/5 in the limit of large n. 41 For values of n ≤ 10, somewhat larger exponents are reported (1.22 − 1.28). We can approximate P(n) by the reciprocal of the number of lattice sites (N); least-squares fitting to a power-law dependence gives P(n) ∼ n −2.1 for the simple cubic lattice and P(n) ∼ n −1.4 for the tetrahedral lattice. Combining these results into the Thirumalai expression leads to:
Although the quantitative agreement between the Markov chain results and contact rates estimated using Thirumalai's expression is only fair, both approaches predict a steeper decrease in contact rate with increasing n for the simple cubic lattice. This behavior is attributable to the faster decrease in loop formation probability with the simple cubic lattice. In other words, the faster growth in configurational entropy as polymer size (n) increases is responsible for a steeper decay in contact rate constants for more flexible polymers.
The data on which the above representations are based (Tables 1 and 2 ) were limited to loop sizes of small and intermediate lengths. The open question is whether the above behavior persists for very large loop sizes. In particular, although given the systematic decrease in the rate constant as a function of loop size n predicted by the lattice Markovian model (Figure 3) , the question is whether this predicted decrease in rate constants persists for very large loops, e.g., n>50. This question can be addressed by taking advantage of a property of the trace of Markovian matrices. In particular, although only the smallest eigenvalues are reported in Tables 1 and 3 , the full spectrum of eigenvalues was determined in each case. The eigenvalues calculated are often complex (i.e., having a rational real part and an irrational imaginary part). However, when these eigenvalues are summed, the value of the resultant trace is a ratio of integers (Table 4) . Were the lattice subject to periodic boundary conditions, the result would be a simple integer (rather than a ratio of integers), so the data in Table 4 demonstrate that when confining boundary conditions are imposed on the lattice, and the trap is positioned at a non-centrosymmetric site, the result is only slightly more complicated. Taking advantage of this result leads at once to specific predictions regarding large loop formation.
First of all, straightforward algebra leads to simple expressions for the traces of the eigenvalue matrices in simple cubic and tetrahedral lattices (Table 4) . For simple cubic lattices of N=n 3 sites:
For tetrahedral lattices of N=(n+1)(n+2)(2n+3)/6 sites:
From Markov theory, one has the following inverse relation between the trace and the minimum eigenvalue of the underlying stochastic equation, a relation that becomes exact in the limit of asymptotically large systems:
Three conclusions can be drawn at once from these results. First, calculations show that the asymptotic limit is essentially realized for the larger n-values listed in Tables 1 and 2 . Second, since we have derived an analytic expression for the trace for both simple cubic and tetrahedral symmetries, given the value of any λ(n), the next λ(n+1) can be calculated directly. And finally, as regards the study of tertiary loop formation presented in this paper, successively larger n values should lead to progressively smaller values of the minimum eigenvalue. So, given the correspondence between λ(min) and the rate constant k, experimentally we anticipate a systematic (monotonic) decrease in k with increase in loop size. This prediction stands in contrast to the experimental results reported in this paper; thus it is apparent, as noted earlier, that the polypeptide chain is not a random coil in this region of the protein.
There is, however, an interesting (lattice) topological feature that plays into the discussion of rates in the regime of very large loops. Using the trace relation above and the calculated eigenvalues for n=36 (simple cubic) and n=48 (tetrahedral), we estimate the smallest eigenvalues and hence the rate constants for n=55 [2.262 × 10 5 s −1 (simple cubic) and 2.673 × 10 5 s −1 (tetrahedral)] and n=90 [5. 126 × 10 4 s −1 (simple cubic) and 6.229 × 10 4 s −1 (tetrahedral)] loops. Note that in this range of loop size, the rates obtained for tetrahedral lattices are greater than that for simple cubic lattices and, in fact, the percent difference in rates increases with increasing n (respectively, 18% for n=55 and 21% for n=90). The larger rate constants in the tetrahedral case are a direct consequence of the fact that the diffusion space accessible to a donor is smaller for tetrahedral lattices than for simple cubic lattices for values of n in this range of loop size. [From the above expressions note that in the limit of very large n, N(simple cubic)/N(tetrahedral) = 3].
Although somewhat counterintuitive, our results suggest that chain stiffness does not always lead to slower dynamics, but rather in some cases it could accelerate the contact times by decreasing the conformational space available to the polymer. Indeed, it may well be that what we are seeing here using a discrete, Markovian lattice model is a counterpart of what Hyeon and Thirumalai observed in their study of the kinetics of interior loop formation in semiflexible chains using a continuum approach based on a distance distribution function. 42
CONCLUDING REMARKS
Measurements of electron transfer rates between 3 W* and Y(NO 2 ) have been exploited to determine tertiary contact times for various loop sizes in α-synuclein. A Markovian lattice model has been formulated to describe the intrachain diffusion dynamics: the experimental data for n < 20 are in reasonable agreement with the lattice model calculations. The contact quenching rates for larger loops (W4-Y39, W94-Y136, W94-Y39, W4-Y94, and Y39-W94), however, are substantially greater than the calculated values. Indeed, the ends of this 140-residue polymer make contact on a 10-μs timescale, some three orders of magnitude faster than expected for a comparably sized random polymer. Notwithstanding the apparent lack of any discrete native fold, the data indicate that there are nonrandom structures in these regions of the protein. NMR measurements of paramagnetic relaxation enhancement and residual dipolar couplings in α-synuclein have been interpreted in terms of a protein ensemble with a greater proportion of compact structures than expected for a random polymer. 21,39,43 Our measured contact rate constants are consistent with these observations and further demonstrate that the polypeptide is highly dynamic. The diffusive dynamics determined from 3 W*/Y(NO 2 ) ET quenching measurements in α-synuclein may be useful for refining average site-to-site distance estimates extracted from the NMR analyses. Moreover, changes in these dynamics as the protein ages and aggregates could shed light on the mechanism of plaque formation, a process that is implicated in the etiology of Parkinson's disease.
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